An engineering grand challenge, identified by the National Academy of Engineering (NAE), is to restore and improve urban infrastructure. It is widely known that the aging and failing urban infrastructure is a worldwide challenge. Most recently, the American Society of Civil Engineers (ASCE) has assigned a grade of "Dþ" to the US infrastructure, across sixteen categories. ASCE estimates that it will cost each American family $31,00 annually in personal disposable income unless the backlog of projects and deferred maintenance are duly addressed nationwide.
INTRODUCTION
One of the grand challenges identified by the National Academy of Engineering (NAE) is to restore and improve urban infrastructure.
1 According to the NAE, the infrastructure systems worldwide-comprising everything from roads and bridges to water and sewer systems to power and gas grids, etc.-have been near failing due to delayed maintenance and underinvestment. Future engineers will have the formidable challenge of restoring and improving infrastructure in view of insufficient funding.
The American Society of Civil Engineers (ASCE) has prepared a report card that assigns letter grades concerning the physical condition and performance of America's public infrastructure and the needed fiscal investments for their improvement. 2 The reference report card is issued and updated once every four years; the most recent one published in 2013. With the slight improvement from the previous cycle, the 2013 grades are still very low, ranging from D -for inland waterways and levees to a B -for solid waste. The overall average grade is D þ for the US infrastructure.
It is widely known that investment in infrastructure is fundamental in supporting healthy, vibrant communities and for the long-term economic growth, higher GDP, employment, household income, and exports. 2 Council on Foreign Relations 3 estimates that nearly $2.3 trillion will be needed over the next decade to modernize the deteriorating infrastructure systems, now reaching the end of their useful life. Furthermore, in its most recent report entitled, "Failure to Act: The Impact of Current Infrastructure Investment On America's Economic Future," ASCE predicts that by investing $157 billion annually through 2020, the US can prevent a $3.1 trillion loss in GDP, a $1.1 trillion loss in total trade, a $2.4 trillion drop in consumer spending, a $3,100 annual drop in personal disposable income per household and 3.5 million job losses. 4 The Economist reports: 5 "The rehabilitation of America's transport network will be neither easy nor cheap. To make the necessary repairs and upgrades, America will need to spend a lot more."
It has been recognized that infrastructure renewal that is based on conventional practices of the 20 th century will most likely result in the same outcome, i.e., familiar longstanding incidences of service disruption, incalculable operating and repair costs, and catastrophic failures. 6 Evidently, a paradigm shift, which is efficient, reliable, and cost effective, is needed for the renewal of critical infrastructure systems. 6, 7 In recent years, extensive research and development (R&D) has yielded innovative technologies and materials that will enable design and construction of highly durable structures while extending the service lives of existing infrastructure. 8 There are now advanced materials and technologies available that will allow performance monitoring of infrastructure systems, while providing self-diagnosing, self-healing, and self repairing capabilities, which will add greater resiliency. 8 Fiber-reinforced polymer (FRP) composites, designated the materials of the 21 st century, present many of the aforementioned features for infrastructure applications. Historically, FRP composites were developed and utilized extensively in aerospace, defense, and marine industries. Their applications have been steadily growing in civil infrastructure during the last three decades. It is anticipated that the construction industry will potentially become the largest market for FRP composites in the future. Compared to other conventional construction materials, FRP composites offer numerous advantages including lightweight, high strength, greater corrosion resistance, dimensional stability, higher dielectric strength, non-magnetic, low maintenance, improved design flexibility, ease of transportation and installation, and long-term durability. 9, 10 The intent of this paper is to present an overview of the FRP composite materials followed by practical applications of restoring and improving civil infrastructure.
FRP COMPOSITES: OVERVIEW
Composite materials, dating back to the earliest civilization, comprise two or more materials with distinctly different properties; when combined exhibit superior characteristics to those of its constituents. One of the initial known applications of composite materials is believed to be the strawstrengthened, sun-dried, clay bricks in construction by the Egyptians. 9 Great strides have been made in the development of composites, and their use has dramatically increased over the years. Hollaway has outlined the evolution of advanced polymer composites in the civil infrastructure. Fiber-reinforced polymer composite is a combination of polymer (plastic) matrix reinforced with fibers. The fibers are primarily made of glass, carbon, or aramid, and the polymer matrix constitutes an epoxy, either thermoset or thermoplastic. Excellent overview of the material characteristics and manufacturing processes of FRP composites, along with their applications in civil infrastructure and structural health monitoring, have been presented by Zoghi 7 and ISIS Canada. 12 In relation to the civil engineering applications for FRPs, ISIS Canada outlines the following categories: (1) all-FRP structures; (2) FRP-reinforced concrete; (3) repair and rehabilitation; (4) concrete structures; (5) metallic structures; (6) masonry structures; (7) Timber structures; (8) Hybrid FRP/concrete members; and (9) FRP for seismic and blast retrofit. Two representative applications follow in the ensuing sections.
FRP COMPOSITES: APPLICATIONS
In this section, two different types of infrastructure applications of FRP composite bridge projects will be presented. The first project deals with an all-composite superstructure replacement. The second one is in relation to the FRP composite materials and technology used as a repair and strengthening system for two long-span bridges.
a. All-composite bridge superstructure There are currently over 600,000 bridges in the National Bridge Inventory. 13 In a recent report 14 entitled, "The Fix We're in For: The State of Our Nation's Bridges," it has been reported that one in nine bridges in the US remains structurally deficient. Accordingly, a total of 66,405 bridges are rated structurally deficient and require significant maintenance, rehabilitation or replacement. Advanced FRP composite materials and technology offer a viable alternative to conventional bridge construction because of myriad advantages discussed in the preceding sections of this paper. There have been numerous installations of all-composite bridges in recent years worldwide. Tech 21 Bridge, located near the city of Hamilton in Butler County, Ohio, was the 3 rd all-composite bridge in the US, which was installed in July 1997. The superstructure of the bridge, composed of longitudinally oriented GFRP trapezoidal sections fabricated by pultrusion-bonded together between adjoining surfaces and sandwiched between top and bottom GFRP ace sheets applied in a wet lay-up process-was fully instrumented to enable the long-term structural health monitory. Following bridge installation, a series of short-term live-load tests was also conducted via single and tandem axle trucks during both winter and summer seasons to verify the influence of temperatures on the bridge performance. In addition, the long-term structural health monitoring instrumentation plan involved a combination of vibrating wire sensors and fiber-optic sensors. The combination of short-term live load tests and long-term structural health monitoring has revealed the structural integrity and durability of the Tech 21 Bridge.
b. Use of FRP for bridge rehabilitation
The second project demonstrates the application of FRP composite materials and technology for repair and strengthening of two long-span bridges located in Defiance, Ohio (Figure 1 ). The underside of both bridges had widespread signs of deterioration with corroded prestressing strands, detached from the spalling concrete (depicted in the following image). The corrosion damage was caused primarily by the extensive use of de-icing salts during the winter season, along with faulty-designed drainage systems. Following comprehensive concrete repair, a waterproofing program, and anti-corrosion coating, the Sika CarboDur StressHead Sytem was installed to actively strengthen the damaged areas via posttensioning carbon fiber plates (exhibited in the image above). In addition, SikaWrap bi-directional carbon fiber fabric was used to stiffen the concrete diaphragms. A combination of short-term live load tests and long-term structural health monitoring corroborate the viability of rehabilitating existing deteriorated precast prestressed concrete box-beam bridges utilizing a post-tensioned CFRP strengthening system.
CONCLUSIONS
Worldwide, urban infrastructure systems have been rapidly deteriorating due to a combination of aging, environmental distresses, growing populations that stress societies' support systems, natural disasters, etc. In many parts of the world, there are still regions lacking basic infrastructure needs. Future engineers will encounter the formidable challenge of addressing infrastructure revitalization and renewal in view of insufficient resources and funding. The focus of this paper is to demonstrate that novel construction materials such as the advanced fiber-reinforced polymer (FRP) composites may help address some of these challenges. Successful applications of FRP worldwide have been widespread. In this paper, two innovative projects involving FRP composite materials and technology have been highlighted; one of which is in relation to an all-composite bridge superstructure replacement and the second one for rehabilitation of two long-span box-girder bridges.
